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Abstract: Osteoblast maturation plays a key role in regulating osteogenesis. Electrospun 

nanofibrous products were reported to possess a high surface area and porosity. In this study, 

we developed chitosan nanofibers and examined the effects of nanofibrous scaffolds on osteo-

blast maturation and the possible mechanisms. Macro- and micro observations of the chitosan 

nanofibers revealed that these nanoproducts had a flat surface and well-distributed fibers with 

nanoscale diameters. Mouse osteoblasts were able to attach onto the chitosan nanofiber scaf-

folds, and the scaffolds degraded in a time-dependent manner. Analysis by scanning electron 

microscopy further showed mouse osteoblasts adhered onto the scaffolds along the nanofibers, 

and cell–cell communication was also detected. Mouse osteoblasts grew much better on chitosan 

nanofiber scaffolds than on chitosan films. In addition, human osteoblasts were able to adhere 

and grow on the chitosan nanofiber scaffolds. Interestingly, culturing human osteoblasts on 

chitosan nanofiber scaffolds time-dependently increased DNA replication and cell proliferation. 

In parallel, administration of human osteoblasts onto chitosan nanofibers significantly induced 

osteopontin, osteocalcin, and alkaline phosphatase (ALP) messenger (m)RNA expression. As 

to the mechanism, chitosan nanofibers triggered runt-related transcription factor 2 mRNA and 

protein syntheses. Consequently, results of ALP-, alizarin red-, and von Kossa-staining analyses 

showed that chitosan nanofibers improved osteoblast mineralization. Taken together, results 

of this study demonstrate that chitosan nanofibers can stimulate osteoblast proliferation and 

maturation via runt-related transcription factor 2-mediated regulation of osteoblast-associated 

osteopontin, osteocalcin, and ALP gene expression.

Keywords: chitosan nanofibers, osteoblast-associated gene expression, osteoblast maturation, 

Runx2

Introduction
Bone contributes to tissue protection, physical movement, and skeletal support. In the 

clinic, bone diseases such as bone defects and fractures in patients may lead to disability 

or even death. Anatomically, the bone structure is maintained by bone remodeling, 

which is a balanced and dynamic process of bone formation and resorption.1 Osteo-

blasts, which differentiate from stromal stem cells, were reported to play a central 

role in mediating bone formation.2,3 Osteogenesis is the process of bone formation and 

consists of various consecutive stages, including osteoprogenitor proliferation, matrix 

maturation, and osteoblast mineralization.4,5 In the beginning of bone turnover or frac-

ture healing, stem cells and primitive osteoprogenitors proliferate and subsequently 

replace old and damaged osteoblasts. These precursor cells successively undergo 

sequential differentiation and finally achieve osteoblast maturation and bone nodule 

formation.6 However, multiple factors participate in controlling osteoblast maturation. 

Thus, to develop innovative biomaterials for therapy of bone diseases, it is important 
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to evaluate the mechanisms of how biomaterials regulate 

osteoblast development.

A complicated network of molecular events is involved 

in regulating bone development.7,8 These progressive events 

are tightly regulated by sequential induction of osteoblast 

differentiation-related genes and are closely associated with 

the development of bone cell function. Alkaline phosphatase 

(ALP), osteopontin (OPN), and osteocalcin (OCN) are early 

osteoblast markers that participate in controlling osteoblast 

function and bone extracellular matrix (ECM) mineralization.9,10 

Upregulation of OPN, ALP, and OCN is directly correlated 

with osteoblast differentiation.4,9 Also, OPN can function as a  

bridge between the bone and blood by adjusting the prolif-

eration of hematopoietic stem cells.11 Regulation of these 

osteoblast-associated gene expression typically occurs at a tran-

scriptional level. Runt-related transcription factor 2 (Runx2), 

an osteogenic master transcription factor, was reported to 

regulate osteoblast differentiation and maturation.12,13 Previous 

studies showed that activation of Runx2 induces ALP, OCN, 

and OPN messenger (m)RNA expression and concurrently 

promotes osteoblast differentiation.14,15 Thus, Runx2-involved 

regulation of osteoblast-associated gene expression makes 

a proportionally major contribution to regulating osteoblast 

proliferation and maturation.

Bone tissue engineering utilizes both engineering and life 

sciences to either maintain existing bone tissue structures 

or enable bone tissue growth.16 Biomaterials used for bone 

engineering may be comprised, wholly or in part, of a liv-

ing structure or biomedical device that performs, augments, 

or replaces a natural function. To fulfill the functions of a 

biomaterial for bone tissue, the material should meet certain 

requirements of absorption kinetics, and have interconnected 

micropores and optimal porosity.17 However, one major 

reason for orthopedic implant failure is the lack of sufficient 

integration of the implanted material into the juxtaposed 

bone.18 Chitosan nanofibers possess a high surface area and 

porosity, and their use for fabricating biocompatible and 

biomimetic nanostructure scaffolds in tissue engineering 

has been investigated.19 Previous studies showed that chi-

tosan nanofibers/polycaprolactone scaffolds provided good 

bipolar elongation of neurons to nanofibrous substrates, 

such that these nanofibrous scaffolds can maintain a cell’s 

morphology and stimulate cell proliferation.20,21 Chen et al 

further reported that chitosan nanofibers can be applied as a 

biomimetic ECM for endothelial and smooth muscle cells.22 

In cartilage engineering, chitosan nanofibers can improve 

the resistance of porous scaffolds to compressive loading, 

which can provide more structural protection to seeded 

mesenchymal stem cells when the construct is implanted into 

a lesion.23 In addition, Liu et al demonstrated the effects of 

nanofibrous hydroxyapatite/chitosan scaffolds on promoting 

bone marrow mesenchymal stem cell activities.24 In this 

study, we developed chitosan nanofibrous products and 

examined their effects on osteoblast maturation as well as 

the possible action mechanisms.

Materials and methods
Materials
Chitosan with a deacetylation degree of 85%, trifluoroacetic 

acid, 3-(4,5-cimethylthiazol-2-yl)-2,5-diphenyl tetrazolium 

bromide, bromodeoxyuridine (BrdU), and crystal violet 

were purchased from Sigma-Aldrich Co. (St Louis, MO, 

USA). The molecular weight of chitosan used in this study 

was 210 kDa. Dichloromethane was purchased from Tedia 

(Fairfield, OH, USA). α-Minimum Essential Medium and 

Dulbecco’s Modified Eagle’s Medium were obtained from 

Thermo Fisher Scientific (Waltham, MA, USA). To evaluate 

the effects of chitosan on osteoblasts, three different types of 

osteoblast-like cell lines were used in this study: UMR-106 

cells, originally isolated from a rat osteosarcoma; MC3T3E1 

cells, osteoblast precursor cells derived from mouse calva-

rias; and MG63 cells, derived from a human osteosarcoma.

electrospinning of chitosan
Chitosan nanofiber scaffolds were prepared following a previ-

ously described method.25 Briefly, the electrospinning setup 

used in this study consisted of three major components: a power 

supply using direct current that could generate a voltage of up to 

30 kV; a 3 mL syringe with a metallic needle with a 0.65 mM 

inner diameter that could control the flow rate of a scientific 

pump (model 780/00; KD Scientific, Holliston, MA, USA); 

and a collector made from aluminum foil for fiber collection. 

Chitosan was dissolved in trifluoroacetic acid/dichloromethane 

(70/30 vol %) at a concentration of 50 mg/mL, and the electro-

spinning solutions were stirred for 24 hours into well-mixed 

homogeneous solutions. The tip-to-collector distance was 

12 cm, and the applied voltage was 17 kV. The rate of chitosan 

feeding in the electrospinning was 0.2 mL/h. Before being 

applied to the following physical tests and biomedical assays, 

the chitosan nanofibers were neutralized by reaction with 

saturated sodium carbonate at 25°C for 5 hours.

scanning electron microscopy (seM)
The surface morphology of the chitosan nanofiber scaffolds 

was observed and photographed using SEM (JSM-6390LV; 

JEOL, Tokyo, Japan) at an accelerating voltage of 15 kV after 
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the surface was coated with gold. To prepare samples of cell-

containing scaffolds for the SEM analysis, osteoblasts were 

fixed and dehydrated before gold coating. The chitosan nano-

fiber scaffolds with osteoblasts were fixed with a 1% glutaral-

dehyde solution and dehydrated in a series of ethanol aqueous 

solutions with successively increasing ethanol concentration 

of 30%–99.99%. Critical-point drying with supercritical CO
2
 

was then performed to prevent cell deformation. Surfaces of the 

scaffolds were coated with gold and scanned using SEM.

cell cultures and drug treatment
UMR-106 cells were cultured in α-Minimum Essential 

Medium, and MC3T3-E1 cells and MG63 cells were seeded 

in Dulbecco’s Modified Eagle’s Medium. Both media were 

supplemented with 10% fetal bovine serum, L-glutamine, 

penicillin (100 IU/mL), and streptomycin (100 μg/mL) in 

75 cm2 flasks at 37°C in a humidified atmosphere of 5% CO
2
. 

When osteoblasts were confluent, cells were subcultured into 

petri dishes coated with chitosan films or chitosan nanofiber 

scaffolds for various time intervals for different assays.

Biocompatibility of chitosan  
nanofiber scaffolds
Osteoblasts were seeded in 6 cm tissue culture dishes 

coated with chitosan nanofiber scaffolds. After culturing 

for different time intervals, the scaffolds were observed and 

photographed using a light microscope (Eclipse 50i; Nikon 

Corporation, Tokyo, Japan).

Mitochondrial complex I enzyme  
activity assay
Activity of the mitochondrial complex I enzyme was assayed 

to evaluate the effects of chitosan films and chitosan nano-

fiber scaffolds on osteoblast growth according to a previ-

ously described method.26 Osteoblasts (2×104 cells/well) 

were seeded in 96-well tissue culture plates coated with 

chitosan films or chitosan nanofiber scaffolds overnight. 

After treatment, osteoblasts were cultured with new medium 

containing 3-(4,5-cimethylthiazol-2-yl)-2,5-diphenyl tet-

razolium bromide at 0.5 mg/mL for a further 3 hours. The 

blue formazan products in the osteoblasts were dissolved in 

dimethyl sulfoxide and spectrophotometrically measured at 

a wavelength of 550 nM.

crystal violet staining
A crystal violet assay was carried out and quantified according 

to a previously described method.27 Briefly, osteoblasts were 

cultured in petri dishes coated with chitosan nanofiber scaffolds. 

After culturing for different time intervals, the dishes were 

rinsed with phosphate-buffered saline (PBS; 0.14 M NaCl, 

2.6 mM KCl, 8 mM Na
2
HPO

4
, and 1.5 mM KH

2
PO

4
). The 

cell colonies were stained with a 0.2% crystal violet solution 

in 10% ethanol for 10 minutes. Excess stain was removed by 

washing repeatedly with PBS. Stained cells were observed and 

photographed using light microscopy (Nikon Corporation). The 

crystal violet that had stained cells from each dish was dissolved 

in 1 mL of 10% acetic acid. The solution was spectrophoto-

metrically measured at a wavelength of 590 nM.

cell proliferation assay
The effect of chitosan nanofiber scaffolds on cell proliferation 

was analyzed by measuring the incorporation of BrdU into 

genomic DNA.28 Osteoblasts were seeded at 3×103 cells/well 

in 96-well microtiter plates. After culturing for different time 

intervals, 10 mM BrdU was added to the culture medium for 

incorporation into the DNA of replicating cells. After 2 hours 

of incubation, cells were fixed in 4% paraformaldehyde. 

BrdU incorporation was determined by a cell-proliferation 

enzyme-linked immunosorbent assay BrdU kit (Hoffman-La 

Roche Ltd., Basel, Switzerland).

reverse transcription (rT)-polymerase 
chain reaction (Pcr) assay
mRNA from macrophages exposed to drugs was prepared for 

RT-PCR analyses of OPN, OCN, ALP, Runx2, and β-actin 

mRNAs according to a previously described method.29 

Oligonucleotides for the PCR analyses of these mRNAs 

were designed and synthesized by Takara Bio Inc. (Otsu, 

Japan). The oligonucleotide sequences of the upstream 

and downstream primers for these mRNA analyses were, 

respectively: 5′-TCACCATTCGGATGAGTCTG-3′ and 

5 ′ - A C T T G T G G C T C T G A T G T T C C - 3 ′  f o r 

O P N ; 3 0 5 ′ - A T G A G G A C C C T C T C T C T G C T C - 3 ′ 
a n d  5 ′ - G T G G T G C C A T A A T G C G C T T G - 3 ′  f o r 

OCN;26 5′-CCAACTCTTTTGTGCCAGAGA-3′ and 

5′-GGCTACATTGGTGTTGAGCTTTT-3′ for ALP;21 

5 ′ - G A C A G A A G C T T G A T G A C T C T A A A C C - 3 ′ 
and 5′-CTGTAATCTGACTCTGTCCTTGTG-3′ for 

Runx2;13 and 5′-GTGGGCCGCTCTAGGCACCAA-3′ and 

5′-CTCTTTGATGTCACGCACGATTTC-3′ for rat β-actin.13 

The PCR products were loaded onto a 1.8% agarose gel contain-

ing 0.1 μg/mL ethidium bromide, and were electrophoretically 

separated. DNA bands were visualized and photographed under 

ultraviolet-light exposure. The intensities of the DNA bands in 

the agarose gel were quantified with the aid of the UVIDOCMW 

vers. 99.03 digital imaging system (UVtec, Cambridge, UK).
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Immunodetection of runx2 
and β-actin proteins
After treatment, cell lysates were prepared in ice-cold 

radioimmunoprecipitation assay buffer (25 mM Tris-HCl 

[pH 7.2], 0.1% sodium dodecyl sulfate, 1% Triton X-100, 

1% sodium deoxycholate, 0.15 M NaCl, and 1 mM ethylene-

diaminetetraacetic acid [EDTA]) as described previously.31 

To avoid protein degradation, a mixture of proteinase inhibi-

tors, including 1 mM phenyl methyl sulfonyl fluoride, 1 mM 

sodium orthovanadate, and 5 mg/mL leupeptin, was added to 

the radioimmunoprecipitation assay buffer. Protein concen-

trations were quantified by a bicinchoninic acid protein assay 

kit (Thermo Fisher Scientific). Cytosolic proteins (100 mg/

well) were subjected to sodium dodecyl sulfate-polyacryl-

amide gel electrophoresis and transferred to nitrocellulose 

membranes. These membranes were blocked with 5% non-fat 

milk at 37°C for 1 hour. Runx2 were immunodetected using 

a mouse monoclonal antibody against Runx2 (Santa Cruz 

Biotechnology Inc., Dallas, TX, USA). β-actin was detected 

using a mouse monoclonal antibody (Sigma-Aldrich Co.) 

as the internal control. These protein bands were quantified 

using a digital imaging system (UVtec).

Assays of osteoblast mineralization
Osteoblast maturation was determined by evaluating cell 

mineralization using the ALP-, von Kossa-, and alizarin red 

S dye-staining protocols.26,32 Osteoblasts were seeded in 6 cm 

tissue culture dishes coated with chitosan nanofiber scaffolds, 

and were treated with a combination of 10 nM dexamethasone, 

100 μg/mL ascorbic acid, and 10 mM β-glycerophosphate 

for 21 days. After drug treatment, osteoblasts were washed 

with ice-cold PBS and then fixed in ice-cold 10% formalin 

for 20 minutes. For the ALP staining protocol, cells were 

stained at 37°C in a solution containing naphthol AS-MX 

phosphate disodium salt, fast red salt (Sigma-Aldrich Co.) 

and N,N-dimethyl formamide for 30 minutes. Cells were 

washed with PBS and photographed using phase-contrast 

microscopy. The ALP activity was assessed as red stains 

indicating the products of enzyme activity. For the von Kossa 

protocol, mineralized matrix was detected by treating fixed 

cells with 5% silver nitrate for 30 minutes, followed by sub-

sequent washes with 5% sodium carbonate in 10% formalin 

for 1 minute and 5% sodium thiosulfate for 5 minutes. The 

reaction was stopped by washing cells twice with deionized 

water. For the alizarin red S dye protocol, fixed osteoblasts 

were thoroughly rinsed and then incubated in 1% Alcian Blue 

pH 2.5 (Thermo Fisher Scientific) for 12 hours. Sections were 

then incubated in alizarin red S (Thermo Fisher Scientific) for 

8 minutes, dehydrated briefly in xylene, and covered with a 

coverslip in Permount (Thermo Fisher Scientific). Mineral-

ized nodules were visualized and counted under an inverted 

microscope. Each experiment was performed in duplicate 

wells and repeated three times.

statistical analyses
The statistical significance of differences between the control 

and drug-treated groups was evaluated using Student’s t-test, and 

differences were considered statistically significant at P-values 

of 0.05. Differences between drug-treated groups were consid-

ered significant when the P-value of Duncan’s multiple-range 

test was 0.05. Statistical analyses between groups over time 

were carried out by a two-way analysis of variance.

Results
Macro- and microstructures of the 
chitosan nanofiber scaffolds
Chitosan nanofiber scaffolds were prepared using an 

electrospinning system and their physical properties were 

analyzed (Figure 1). The thickness, measured from SEM 

images, and the Young’s modulus of the chitosan nanofiber 

were 225±21 μm and 116±32 MPa, respectively. Also, the 

swelling degree of the chitosan nanofibrous substrate was 

around 700%. Large-magnification observations showed that 

the surface structure of the chitosan nanofiber scaffolds was 

flat (Figure 1A). When examined under light microscopy, 

the electrospun fibers in the chitosan scaffolds were visible 

(Figure 1B). The high porosity of the fibrous scaffold was 

also revealed. The scaffolds were further scanned using SEM, 

and the image showed that the diameters of these electrospun 

fibers were at the nano level (Figure 1C).

Mouse osteoblasts adhered to chitosan 
nanofiber scaffolds and degraded 
the materials
Analysis of crystal violet staining revealed that mouse osteo-

blasts had attached onto the chitosan films (Figure 2Aa). After 

chitosan was modified into nanofibers, mouse osteoblasts also 

adhered onto the nanoscale scaffolds (Figure 2Ab). Adhesion 

of mouse osteoblasts onto chitosan nanofiber scaffolds was 

further verified using SEM (Figure 2B). Our results indicated 

that mouse osteoblasts could tightly attach to scaffolds along 

the nanofibers. Also, cell–cell communication among mouse 

osteoblasts was also monitored (Figure 2B). Analysis using 

light microscopy demonstrated that, after culturing for 1, 3, 

and 5 days, mouse osteoblasts had gradually degraded the 

chitosan nanofibers (Figure 2C).
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Figure 1 Macro- and microstructures of chitosan nanofibers. 
Notes: Chitosan nanofiber scaffolds were prepared using an electrospinning setup. 
The macro- (A) and microstructures (B) of chitosan nanofibers were observed 
and photographed using a camera and light microscopy, respectively. The surface 
morphology of chitosan nanofiber scaffolds was further scanned and photographed 
using scanning electron microscopy (C).
Abbreviation: NTUsT, National Taiwan University of science and Technology.

Mouse osteoblasts grew on the chitosan 
nanofiber scaffolds
After verifying the adhesion of mouse osteoblasts onto chi-

tosan nanofibers, growth of these osteoblasts on the scaffolds 

was assayed (Figure 3). Analysis of mitochondrial complex I 

enzyme activity showed that, after seeding mouse osteosarcoma 

UMR-106 cells onto chitosan films and chitosan nanofiber 

scaffolds for 3 and 5 days, cell growth increased by 45% and 

70%, respectively (Figure 3A). Five days after culturing on chi-

tosan films and chitosan nanofiber scaffolds, growth of mouse 

osteoblasts was respectively augmented by 2.4- and 3.9-fold. 

Use of chitosan nanofibers resulted in a significant 63% increase 

in cell growth (Figure 3A) compared to chitosan films.

Effects of the chitosan nanofiber scaffolds on cell growth 

were further evaluated using a different type of mouse 

osteoblast – MC3T3-E1 cells – derived from mouse calva-

ria, as the experimental model (Figure 3B). Investigation 

by crystal violet staining revealed that 1, 3, and 5 days after 

culturing onto chitosan nanofiber scaffolds, MC3T3-E1 cells 

had obviously grown in a time-dependent manner. Stained 

cells were dissolved, and the signals were quantified and 

statistically analyzed (Figure 3C). Three and 5 days after 

seeding MC3T3E1 cells onto chitosan nanofiber scaffolds, 

cell growth had significantly increased by 74% and 2.1-fold, 

respectively (Figure 3C).

Human osteoblasts grew and proliferated 
on chitosan nanofiber scaffolds
Effects of the chitosan nanofiber scaffolds on attracting 

and stimulating cell adhesion and cell growth were further 

explored using human osteoblast MG63 cells as the experi-

mental model (Figure 4). Human osteoblasts adhered onto the 

chitosan nanofiber scaffolds (Figure 4A). One, 3, and 5 days 

after culturing human osteoblasts on nanofibrous scaffolds, 

cell growth was time-dependently enhanced. Cell densities 

were quantified and statistically analyzed (Figure 4B). Use 

of human osteoblasts on chitosan nanofiber scaffolds for 1, 3, 

and 5 days caused significant 2.1-, 2.7-, and 3.7-fold increases 

in cell growth, respectively. A BrdU incorporation assay was 

further carried out (Figure 4C). When human osteoblasts 

were cultured on chitosan nanofiber scaffolds, the rates of 

DNA replication were augmented by 35%, 66%, and 132%, 

respectively (Figure 4C).

Chitosan nanofiber scaffolds induced 
osteoblast differentiation-related 
gene expression
RNA analyses were conducted to determine the effects of 

chitosan nanofiber scaffolds on regulation of osteoblast-

associated OPN, OCN, and ALP gene expression (Figure 5). 

Exposure of human osteoblasts to chitosan nanofibers for 3 and 

5 days increased OPN mRNA expression (Figure 5A, OPN 

panel, lanes 3 and 4). After 5 days of culture, OCN mRNA 

was induced by chitosan nanofibers (Figure 5A, OCN 
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Figure 2 Osteoblast adhesion and biocompatibility of chitosan nanofibers. 
Notes: Mouse osteoblasts were seeded overnight in 6 cm tissue culture plates coated with chitosan nanofiber scaffolds. Cell adhesion was assayed using a crystal violet 
staining protocol (A): (a) CS film; (b) CS nanofibers. Also, adhesion of mouse osteoblasts onto chitosan nanofiber scaffolds was further analyzed using scanning electron 
microscopy (B). (C) After culturing mouse osteoblasts on chitosan nanofiber scaffolds for (a) 1, (b) 3, and (c) 5 days, the biocompatibility of the electrospun scaffolds was 
observed and photographed using light microscopy. 40× magnification.
Abbreviations: cs, chitosan; NTUsT, National Taiwan University of science and Technology.

panel, lane 4). In parallel, levels of ALP mRNA in human 

osteoblasts were augmented following exposure to chitosan 

nanofiber scaffolds for 5 days (Figure 5A, ALP panel, 

lane 4). Amounts of β-actin mRNA were determined as the 

internal control (Figure 5A, β-actin panel). The DNA bands 

were quantified and statistically analyzed (Figure 5B–D). 

Use of human osteoblasts with chitosan nanofiber scaffolds 

for 3 and 5 days, respectively, caused significant 81% and 

2.3-fold increases in OPN mRNA expression (Figure 5B). In 

comparison, after seeding human osteoblasts onto chitosan 

nanofiber scaffolds for 5 days, the amounts of OCN and 

ALP mRNA were significantly augmented by 64% and 66%, 

respectively (Figure 5C and D).

Chitosan nanofiber scaffolds stimulated 
transcription factor runx2 mrNa 
and protein expression
To evaluate the mechanism of chitosan nanofiber-induced 

osteoblast-associated gene expression, levels of Runx2 

mRNA and protein were further assessed (Figure 6). 

Application of human osteoblasts onto chitosan nanofibers 

for 1 day increased the level of Runx2 mRNA (Figure 6A, 

top panel, lane 2). Three, 5, and 7 days after exposure to 

chitosan nanofibers, Runx2 mRNA expression was induced 

in a time-dependent manner (Figure 6A, lanes 3–5). β-actin 

mRNA was analyzed as the internal control (Figure 6A, bot-

tom panel). The DNA bands were quantified and statistically 

analyzed (Figure 6B). After 1, 3, 5, and 7 days of culturing 

human osteoblasts on chitosan nanofiber scaffolds, amounts 

of Runx2 mRNA were significantly induced by 67%, 88%, 

92%, and 163%, respectively (Figure 6B). Administration 

of human osteoblasts with chitosan nanofibers for 1, 3, 5, 

and 7 days caused obvious enhancements in levels of Runx2 

(Figure 6C, top panel). Amounts of β-actin were quantified 

as the internal standard (Figure 6C, bottom panel). These 

immunorelated protein bands were quantified and statisti-

cally analyzed (Figure 6D). After application on chitosan 

nanofibers for 1, 3, 5, and 7 days, the levels of Runx2 in 

human osteoblasts were significantly augmented by 86%, 

91%, 108%, and 114%, respectively.
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Figure 3 Effects of chitosan nanofibers on stimulating the growth of mouse 
osteoblasts. 
Notes: Mouse osteosarcoma UMR-106 cells were seeded on chitosan films and 
chitosan nanofiber scaffolds for 1, 3, and 5 days. Cell growth was assayed by 
detecting mitochondrial complex I enzyme activity (A). analysis of crystal violet 
staining was carried out to further verify the effects of chitosan nanofibers on the 
growth of mouse calvarial Mc3T3-e1 cells (B). stained cells were dissolved, and 
the signals were quantified and statistically analyzed (C). each value represents the 
mean ± standard error of the mean from four independent experiments. * and # 
indicate that values significantly (P0.05) differed from the control and chitosan 
film-treated groups, respectively. 40× magnification.
Abbreviations: cs, chitosan; OD550, optical density at 550 nM wavelength; OD590, 
optical density at 590 nM wavelength.

Chitosan nanofiber scaffolds improved 
maturation of human osteoblasts
Effects of the chitosan nanofiber scaffolds were determined 

using ALP-, alizarin red-, and von Kossa-staining protocols 

(Figure 7). Human osteoblasts were seeded on chitosan films 

and chitosan nanofiber scaffolds, and then exposed to a dif-

ferentiation agent for 21 days. Compared to chitosan films, 

analysis by an ALP staining protocol revealed that chitosan 

nanofiber scaffolds increased mineralization of human osteo-

blasts by 92% (Figure 7A). In addition, analyses of alizarin 

red- and von Kossa-staining protocols further showed that 

seeding human osteoblasts on chitosan nanofiber scaffolds 

caused 3.8- and 2.5-fold increases in cell maturation, respec-

tively (Figure 7B and C).

Discussion
This study provides evidence showing the potential of chi-

tosan nanofiber scaffolds for bone tissue engineering. Bone 

tissues are maintained by bone remodeling.1 An imbalance in 

bone remodeling can delay the recovery and healing of bone 

defects and fractures, possibly leading to disability or even 

death. Presently, no effective drug can be clinically applied 

to treat bone defects and fractures. Fortunately, bone tissue 

engineering may be practical for therapy of bone diseases by 

making use of engineering and life sciences to enable bone 

tissue growth.16 Osteoblasts play a central role in mediating 

bone formation.2,3 Our present data revealed that chitosan 

nanofiber scaffolds stimulated growth of mouse osteosar-

coma UMR-106 cells and mouse calvarial osteoblasts. Also, 

we further demonstrated that chitosan nanofibers significantly 

improved the growth and proliferation of human osteoblasts. 

Importantly, chitosan nanofibers were biocompatible when 

used for osteoblast culture. One major reason for orthopedic 

implant failure is the lack of sufficient integration of the 

implanted material with the juxtaposed bone.18 Chitosan 

nanofibers possess superior characteristics of interconnected 

micropores, optimal porosity, and absorption kinetics. Previ-

ous studies reported the applications of chitosan nanofibers 

for neurons, chondrocytes, and bone marrow mesenchymal 

stem cells.20,22–24 This study further shows the potential of 

chitosan nanofiber scaffolds for treating bone diseases such 

as bone defects and fractures.

The chitosan nanofiber scaffolds are biocompatible and 

provide an excellent space for osteoblast adhesion. The 

present study showed that, after being used with osteoblasts, 

the chitosan nanofibers degraded in a time-dependent man-

ner. Biocompatibility is one of basic requirements for a 

qualified biomaterial.17 Chitosan is nontoxic, antibacterial, 
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and biocompatible.19 This study demonstrated that chitosan 

nanofibers did not change the morphologies or viabilities of 

mouse and human osteoblasts. Hence, chitosan nanofibers 

are biodegradable and nontoxic to osteoblasts. Cell adhesion 

is essential to maintaining a cell’s activity and multicellular 

structure.33 Analyses by crystal violet staining and SEM 

showed that osteoblasts adhered onto chitosan nanofiber 

scaffolds and carried out cell–cell communication. A previ-

ous study reported that chitosan nanofibers/polycaprolactone 

scaffolds provided better bipolar elongation of neurons 

than nanofibrous substrates.20 Thus, chitosan nanofibers can 

stimulate adhesion of osteoblasts and, consequently, improve 

cell activity and cell maturation due to their higher surface 

areas and better porosities. Chitosan nanofibers possess these 

beneficial characteristics and displayed their novel applica-

tion for bone tissue engineering.

Chitosan nanofibers can stimulate cell proliferation 

and growth. Our present data reveal that mouse osteoblasts 

grew better on chitosan nanofibers than on chitosan films. 

In addition to mouse osteosarcoma cells, our findings also 

showed improved effects of chitosan nanofibers on the 

growth of mouse calvarial osteoblasts and human osteoblasts. 

Prabhakaran et al stated that electrospun nanofibers were 

able to provide greater porosity for cell adhesion.20 Thus, the 

advantageous effects of enhancing cell adhesion may explain 

the chitosan nanofiber-induced stimulation of osteoblast 

growth. Our BrdU incorporation assay further showed that 

after being seeded onto chitosan nanofiber scaffolds, DNA 

replication of human osteoblasts was significantly enhanced. 

Augmentation of DNA replication corresponds to an increase 

in cell proliferation.34 This study demonstrated the effects of 

the chitosan nanofibers on inducing OPN gene expression. 

OPN can regulate cell proliferation.11 Hence, chitosan nano-

fibers can enhance the proliferation of human osteoblasts via 

stimulating DNA replication due to the induction of OPN 

gene expression. Borjigin et al reported that electrospun 

fibers can facilitate the proliferation of genetically modified 

HCT116-19 colon cancer cells.35 In the progression of bone 

development, the proliferation of osteoprogenitors and osteo-

blasts are key stages.5,6 This study pointed out that chitosan 

nanofibers can improve bone development by stimulating 

OPN-mediated osteoblast proliferation and growth.

Chitosan nanofibers can induce osteoblast differentiation-

related gene expression and promote osteoblast matura-

tion. Analysis by ALP staining showed that, after being 

cultured on chitosan nanofiber scaffolds, the amount of 

osteoblasts with positive signals significantly increased. 

ALP is a biomarker of the regulation of osteoblast activity 
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Figure 4 Effects of chitosan nanofibers on stimulating the growth and proliferation 
of human osteoblasts. 
Notes: Human osteoblast-like MG63 cells were seeded on chitosan nanofiber 
scaffolds for 1, 3, and 5 days. Growth of human osteoblasts was determined by 
crystal violet staining (A). Stained cells were dissolved, and the signals were quantified 
and statistically analyzed (B). Cell proliferation was assayed using an enzyme-linked 
immunosorbent assay bromodeoxyuridine kit (C). each value represents the mean 
± standard error of the mean from four independent experiments. * indicates that 
values significantly differed from the respective control, P0.05. 40× magnification.
Abbreviations: OD450, optical density at 450 nM wavelength; OD590, optical density 
at 590 nM wavelength; OD690, optical density at 690 nM wavelength.
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using rT-Pcr; β-actin mRNA was analyzed as an internal control. The DNA bands were quantified and statistically analyzed (B–D). each value represents the mean ± 
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and maturation.3,9 An increase in ALP staining signals 

correspondingly indicates enhancement of osteoblast matu-

ration. Such an effect of chitosan nanofibers on osteoblast 

development was also demonstrated by the Alizarin red- and 

von Kossa-staining assays. A complicated array of molecular 

events participates in the regulation of osteogenesis and bone 

maturation.7,8 In addition, a variety of osteoblast-associated 

genes tightly control these progressive molecular and 

cellular events.7,16 The present study showed the effects of 

chitosan nanofibers on inducing OPN, OCN, and ALP gene 

expression. During osteoblast differentiation, these three 

marker genes can be regulated individually.7,9 Our previous 

study has demonstrated that exposure of osteoblasts to the 

water extracts of Drynaria fortunei J. Smith, a traditional 

Figure 7 Effects of chitosan nanofibers on the mineralization of human osteoblasts. 
Notes: Human osteoblast-like MG63 cells were seeded on chitosan films and chitosan nanofiber scaffolds, and then exposed to a differentiation reagent (10 nM dexamethasone, 
100 μg/mL ascorbic acid, and 10 mM β-glycerophosphate) for 21 days. The differentiation reagent was renewed every 2 days. Mineralization of human osteoblasts was 
determined using alP-, alizarin red s dye-, and von Kossa-staining protocols. (A) alP staining: (a) chitosan film and (b) chitosan nanofibers. (B) alizarin red staining: (a) 
chitosan film and (b) chitosan nanofibers. (C) von-Kossa staining: (a) chitosan film and (b) chitosan nanofibers. 40× magnification.
Abbreviation: ALP, alkaline phosphatase.
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Chinese medicine, for 3 days could induce OPN, OCN, and 

ALP gene expression.36 In the present study, OPN mRNA 

was induced by chitosan nanofibers earlier than the other two 

marker genes. OPN, OCN, and ALP are all early osteoblast 

markers that control osteoblast differentiation and bone  

ECM mineralization.10 In addition to osteoprogenitor pro-

liferation, matrix maturation and cell mineralization are 

two final stages in the process of osteoblast development.5,6 

Therefore, chitosan nanofiber-induced osteoblast matura-

tion may have been due to regulation of these osteoblast 

differentiation-related gene expression.

Runx2 participates in chitosan nanofiber-induced osteo-

blast mineralization. Exposure of human osteoblasts to 

chitosan nanofibers caused a significant induction of Runx2 

mRNA expression. In parallel, the synthesis of Runx2 protein 

was augmented following exposure to chitosan nanofibers. 

Thus, chitosan nanofiber-induced Runx2 expression occurs 

at least at a pretranslational level. During osteogenic dif-

ferentiation, bone morphogenetic proteins (BMPs) were 

shown to activate Runx2.37 Our previous study showed that 

BMP-2 and -6 were detected and induced in osteoblasts.36 

Chitosan nanofibers may induce Runx2 gene expression via 

the BMP signaling pathway. Runx2 functions as an osteo-

genic master transcription factor and regulates osteoblast 

differentiation and maturation.12,13 The p300/CBP-associated 

factor is reported to activate Runx2 by directly binding to and 

acetylating this transcription factor.14 Knockdown of p300/

CBP-associated factor gene expression simultaneously leads 

to Runx2 inactivation and subsequent downregulation of OPN 

synthesis. Runx2 was also demonstrated to transcriptionally 

regulate OCN and ALP gene expression.38 Therefore, chito-

san nanofibers induced OPN, OCN, and ALP gene expres-

sion via a Runx2-dependent mechanism and, consequently, 

improved osteoblast differentiation and mineralization.

Conclusion
In conclusion, we developed chitosan nanofibers that pro-

moted adhesion of mouse osteoblasts. Analysis by SEM 

further showed the attachment of mouse osteoblasts onto 

electrospun scaffolds along the nanofibers and formation 

of cell–cell communication. Mouse osteoblasts grew much 

better on chitosan nanofiber scaffolds compared to chitosan 

films. In addition, the present study demonstrated that human 

osteoblasts can adhere to and grow on chitosan nanofiber 

scaffolds. Interestingly, applying human osteoblasts to 

chitosan nanofibers stimulated DNA replication and cell 

proliferation. In parallel, expression of OPN, OCN, and ALP 

genes by human osteoblasts were induced after  exposure 

to chitosan nanofiber scaffolds. Sequentially, chitosan 

 nanofibers  augmented Runx2 mRNA and protein synthe-

ses. Consequently, analyses using ALP-, Alizarin red-, and 

von Kossa-staining protocols further showed that chitosan 

nanofibers improved mineralization of human osteoblasts. 

Taken together, this study showed that chitosan nanofibers 

can stimulate osteoblast proliferation and maturation via 

Runx2-mediated regulation of osteoblast-associated OPN, 

OCN, and ALP gene expression. Therefore, chitosan nano-

fibers have the potential to be clinically applied to treat bone 

diseases such as bone defects and fractures.
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